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Available online 31 May 2016Choroidal neovascularization (CNV) is a major cause of vision loss in many retinal diseases. Hypoxia is deter-
mined to be a key inducer of CNV and hypoxia-inducible factor-1 (HIF-1) is an important transcription factor.
Epithelial-mesenchymal transition (EMT) and the synthesis of proangiogenic cytokinesmake great contributions
to the development of CNV. In the present study, the role of HIF-1α signaling in the regulation of angiogenin
(ANG) expression and EMT in hypoxic retinal pigment epithelial cells was investigated. A signiﬁcant elevation
expression of ANG expression level in a mouse model of laser-induced CNV was demonstrated. In a hypoxic
model of ARPE-19, an increased expression level of ANG and induction of EMT accompanied with stabilization
and nucleus translocation of HIF-1α. Blockage of HIF-1α signaling resulted in inhibition of high expression of
ANG and EMT features. The direct interaction between HIF-1α and ANG promoter region was identiﬁed by
ChIP-qPCR. The association of RNase 4mRNA levelwithHIF-1α signalingwas also clariﬁed inAPRE-19.Moreover,
the exogenous ANG translocated into the nucleus, enhanced 45S rRNA transcription, promoted cell proliferation
and tube formation in human retinal microvascular endothelial cells. In conclusion, the hypoxic conditions
regulate the expression of ANG and EMT via an activation of HIF-1α signaling. It provides molecular evidence
for potential therapy strategies of treating CNV.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Choroidal neovascularization1. Introduction
Choroidal neovascularization (CNV) is a major cause of vision loss in
developed countries. It is characterized by growth of blood vessels from
the choroid through Bruch's membrane towards the retina. Human ret-
inal pigment epithelial (RPE) cells are interposed between the neural
retina and the vascular choriocapillaris. The RPE cells form the outer
blood–retina barrier (BRB), maintain the homeostasis of the retina and
choroid, produce the high levels of proangiogenic factors and play a
major role in retinal and choroidal neovascularization [1].
Hypoxia plays an important role in the development of CNV [2].
Hypoxia can occur secondary to many diseases in the retina, such as
age-related macular degeneration (AMD), diabetic retinopathy, ische-
mic retinal-vein occlusion and retinopathy of prematurity (ROP) [3–5]
and induce multiple proangiogenic cytokines, including vascular endo-
thelial growth factor (VEGF) and erythropoietin (EPO), through
hypoxia-inducible factors (HIF). Hypoxia-inducible factor-1 (HIF-1) is
a key oxygen sensor andmajor transcription factor speciﬁcally activated
during hypoxia.Afﬁliated Hospital, School of
u 310009, China.
. This is an open access article underAngiogenin (ANG), a 14-kDamember of the pancreatic ribonuclease
(RNase) superfamily, was originally isolated from the conditioned me-
dium of HT-29 human colon adenocarcinoma cells [6]. ANG is one of
the most potent angiogenic factors in vivo [7,8] and has the capacity
to activate the vessel endothelial cells to induce cell proliferation and
formation of tubular structures [9]. In addition, RNase 4, another mem-
ber of the pancreatic RNase superfamily, shares the same promoter re-
gion with ANG. It can also induce cell proliferation, migration and
formation of tubular structures [10]. Previous studies have reported
that ANG is required for cell proliferation induced by various other an-
giogenic proteins including VEGF [11] and recognized as a therapeutic
opportunity in the treatment of cancer and neurodegeneration [12].
However, little is known about the expression and regulation of ANG
in the progression of CNV.
Epithelial-mesenchymal transition (EMT) is a process of phenotype
shifting characterized by decreased cell-cell adhesion and enhanced
migration ability [13]. β-catenin, a major element of cell-cell adhesion
complexes, is necessary for the creation and maintenance of epithelial
cell layers and barriers [14]. Vimentin is the major intermediate
ﬁlament protein in mesenchymal cells and also expressed in epithelial
cells undergoing the epithelial-mesenchymal transition (EMT) both
in physiological and pathological situations [15,16]. RPE cells in
the epiretinal membranes undergo EMT and are considered to bethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
The primer sequences for RT-qPCR.
Gene Sequences Product length
(bp)
Human ANG 5′-AGAAGCGGGTGAGAAACAA-3′ (forward) 451
5′-TGTGGCTCGGTACTGGCATG-3′ (reverse)
Human Rnase 4 5′-AGAAGCGGGTGAGAAACAA-3′ (forward) 348
5′-AGTAGCGATCACTGCCACCT-3′ (reverse)
Human
vimentin
5′-TGAGTACCGGAGACAGGTGCAG-3′ (forward) 119
5′-TAGCAGCTTCAACGGCAAAGT TC-3′ (reverse)
Human HIF-1α 5′-GTCTCGAGATGCAGCCAGAT-3′ (forward) 168
5′-TCACCAGCATCCAGAAGT TTC-3′ (reverse)
Human 28S 5′-TTAGTGACGCGCATGAATGG-3′ (forward) 67
5′-TGTGGTTTCGCTGGATAGTAGGT-3′ (reverse)
Human 45S 5′-GAACGGTGGTGTGTCGTT-3′ (forward) 130
5′-GCGTCTCGTCTCGTCTCACT-3′ (reverse)
Human GAPDH 5′-CCATCACCATCTTCCAGGAG-3′ (forward) 576
5′-CCTGCTTCACCACCTTCTTG-3′ (reverse)
Mouse ANG 5′-CATCCCAACAGGAAGGAAGGA-3′ (forward) 165
5′-ACCTGGAGTCATCCTGAGCC-3′ (reverse)
Mouse Rnase 4 5′-CATCCCAACAGGAAGGAAGGA-3′ (forward) 146
5′-GTACAAGCCCTAACCCCAGC-3′ (reverse)
Mouse β-actin 5′-GGCTGTATTCCCCTCCATCG-3′ (forward) 154
5′-CCAGTTGGTAACAATGCCATGT-3′ (reverse)
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retinal detachment [17–19]. The breach of the blood-retinal barrier
allows for the formation of choroidal neovascularization (CNV), and
the leakage of serum or blood into the eye [20].
In the present study, an increased expression level of ANG was
demonstrated in a mouse model of laser-induced CNV. A hypoxia cell
incubation system by N2 perfusion was established to explore the
association of the expression level of ANG and EMTwith HIF-1α signal-
ing in ARPE-19 exposed to 0.5% O2. Moreover, the direct interaction
between HIF-1α and the ANG promoter region and the potential role
of ANG in human retinal microvascular endothelial cells (hRMECs)
were investigated.
2. Materials and methods
2.1. Mouse model of laser-induced CNV
All animal experiments were performed in compliance with the
Association for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research and approved
by Institutional Animal Care and Use Committee.
Two-month-old C57BL/6J mice were anesthetized with an intraper-
itoneal injection of chloral hydrate and their pupils were dilated with
tropicamide phenylephrine eye drops (Santen, Osaka, Japan). A Zeiss
Visulas 532 nm laser photocoagulator (Zeiss, Jena, Germany) with slit-
lamp delivery system was used to create four burns, 2 to 3 disk diame-
ters from the optic disk at 0300, 0600, 0900, 1200 h with the following
parameters: 120 mWpower, 100 μm spot size, and 0.1 s duration. Only
burns that produced a bubble, indicating the rupture of the Bruch's
membrane, were counted in the study. The RPE/choroid complexes
were isolated for mRNA and protein analysis at three days and seven
days after laser photocoagulation, respectively. Every ﬁve eyes from
ﬁve mice (20 burns) or ﬁve normal eyes were included into each
sample.
2.2. Choroidal ﬂat mount and fundus ﬂuorescein angiography
The mice were killed at seven days after laser photocoagulation. The
eyeswere enucleated and immediatelyﬁxedwith4%paraformaldehyde
for 24 h at 4 °C. The RPE/choroid complex was ﬂatmounted and perme-
abilized in 0.3% Triton X-100 for 15 min at 4 °C. Non-speciﬁc binding
sites were blocked with goat serum (Boster Biotechnology, Wuhan,
China) for 2 h. The complex was incubated in Alexa Fluor 594-
conjugated isolectin B4 (1:150, Invitrogen, Carlsbad, CA, US), a speciﬁc
marker of endothelial cells, overnight at 4 °C. The CNV lesions were vi-
sualized using a confocal ﬂuorescence microscope (Leica, Wetzlar,
Germany).
Fundus ﬂuorescein angiography was performed using a Spectralis
HRA system (Heidelberg Engineering, Heidelberg, Germany) at two
weeks after laser photocoagulation. The photos were captured after an
intraperitoneal injection of 0.3 ml of 2% ﬂuorescein sodium (Alcon Lab-
oratories, Irvine, CA).
2.3. Cell culture and reagents
Human retinal pigment epithelial cell line (ARPE-19) was obtained
from American type culture collection (ATCC, Manassas, VA, US) and
maintained in a 1:1 mixture of Dulbecco's modiﬁed Eagle's medium
and Ham's F12 (Gibco, Grand Island, NY, US), supplemented with 10%
fetal bovine serum (Gibco) in a humidiﬁed atmosphere of 5% CO2 at
37 °C. Cells were seeded and grown to sub-conﬂuence to 60–70%
in normoxia, and then exposed to hypoxia (0.5% O2) in a hypoxic
incubator (BioSpherix, Redﬁeld, NY) for indicated time. Human retinal
microvascular endothelial cell line (HRMECs) was obtained from
angio-proteomie (Boston, MA, US) and maintained in Dulbecco's
modiﬁed Eagle's medium (Gibco) with 10% fetal bovine serum(Gibco), 1% Insulin-Transferrin-Selenium-A (ITS-A, Gibco), 1% Endothe-
lial Cell Growth Supplement (ECGS, ScienCell, San Diego, CA, US) on
1 μg/cm2 of ﬁbronectin (ScienCell) coated culture substratum.
2.4. Transfection
Transfections were performed with Lipofectamine 2000 (Invitrogen)
following the manufacturer's instruction. The siRNAs were used at
40 nM and the sequences were: si HIF-1α-1 (sense: 5′-GCA UUG
UAU GUG UGA AUU ATT-3′, anti-sense: 5′-UAA UUC ACA CAU ACA
AUG CTT-3′); si HIF-1α-2 (sense: 5′-CGA UGG AAG CAC UAG ACA
ATT-3′, anti-sense: 5′-UUG UCU AGU GCU UCC AUC GTT-3′); si
ANG (sense: 5′-GCA UCA AGG CCA UCU GUG ATT-3′, anti-sense: 5′-
UCA CAG AUG GCC UUG AUG CTG-3′); negative control (NC) siRNA
(sense: 5′-UUC UCC GAA CGU GUC ACG UTT-3′, anti-sense: 5′-ACG
UGA CAC GUU CGG AGA ATT-3′). All RNA oligonucleotides were
synthesized by GenePharma Co. (Shanghai, China).
2.5. RNA extraction and RT-qPCR
Total RNAwas extractedwith TRIzol reagents (Invitrogen) following
the manufacturer's instruction. Reverse transcription reactions were
carried out with 500 ng total RNA using M-MLV Reverse Transcriptase
(Promega, Madison, WI, US). The real-time quantitative PCR analysis
was performed by SYBR Green I dye (Takara Biotechnology, Dalian,
China). The primers for gene ampliﬁcation were listed in Table 1. All
primers were synthesized by Sangon Biotech (Shanghai, China). The
human ANG, Rnase 4, vimentin and HIF-1αmRNA levels were normal-
ized to the 28S rRNA level in the experiments of ARPE-19. The human
45S rRNA level was normalized to the GAPDHmRNA level in the exper-
iments of hRMECs. The mouse ANG and Rnase 4 mRNA levels were
normalized to the β-actin mRNA level. Data were analyzed using the
delta-delta Ct method.
2.6. Immunoﬂuorescence assay
For in vivo studies, mice were killed at seven days after laser
photocoagulation. The eyes were ﬁxed with 4% paraformaldehyde for
24 h at 4 °C. The posterior eyecups were treated with 10%, 20% and
30% sucrose, and then embedded in Tissue-Tek O.C.T. Compound
(Sakura, Torrance, CA, US). Sectionswere cut, permeabilized in 0.3% Tri-
ton X-100 for 15 min at 4 °C and blocked with goat serum (Boster) for
2 h. The cryosections were incubated with Alexa Fluor 594-conjugated
Fig. 1. ANG was up-regulated in a mouse model of laser-induced CNV. (A) The immunoﬂuorescence staining of isolectin B4 in the ﬂat mounted RPE/choroid complex of mouse at seven
days after laser photocoagulation. Scale bar was 50 μm. (B) Fundus ﬂuorescein angiography of mouse at two weeks after laser photocoagulation. (C) The relative ANG and RNase 4 mRNA
expression levels in RPE/choroid complexes measured by qRT-PCR in normal controls and laser-CNV mice at three days after laser photocoagulation; n = ﬁve eyes from ﬁve mice per
group. (D) The vimentin and ANG protein expression levels at seven days after laser photocoagulation detected by Western blot assay; n = ﬁve eyes from ﬁve mice per group. (E) The
immunoﬂuorescence staining of ANG (green), isolectin B4 (red) and DAPI (blue) in cryosection of laser-induced CNV lesion. Scale bar was 50 μm. As compared with normal control
group, *P b 0.05. n = three independent experiments. Error bars represent SEM.
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overnight at 4 °C, and incubated with Alexa Fluor 488-conjugated
secondary antibody (1:500, Cell Signaling Technology, Danvers, MA,
US) for 2 h. Thereafter, the samples were incubated with 4′,6′-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St Louis, MO, US) and
stained for 15 min to visualize the nuclei. Each step was followed by
three washes for 5 min in phosphate buffer saline.
For in vitro studies, the cells were ﬁxed in 4% paraformaldehyde for
20min at 4 °C, and permeabilized in 0.3% TritonX-100 for 15min at 4 °C.
The cells were stained with antibodies for HIF-1α (1:100, Abcam,
Cambridge, UK), vimentin (1:50, Proteintech, Chicago, IL, US) or ANG
(1:100, anti-human angiogenin rabbit polyclonal antibody). The images
were recorded under a ﬂuorescence microscope (Olympus, Tokyo,
Japan).
2.7. Western blotting
Cells were harvested and lysed in cell lysis buffer (Cell Signaling)
containing protease inhibitor cocktail (Roche Diagnostics, Indianapolis,IN, US). The protein concentration was evaluated by the bicinchoninic
acid method (Pierce, Rockford, IL, US). Proteins of cell lysates were
separated by electrophoresis in 8–15% SDS–polyacrylamide gels,
transferred to polyvinylidene diﬂuoride membranes, blocked in TBST
with 5% nonfat dry milk, blotted with the antibodies for HIF-1α
(1:500), vimentin (1:1000), ANG (1:1000) and β-tubulin (1:1000,
Proteintech) overnight at 4 °C and incubated with horseradish-
peroxidase-conjugated secondary antibody (1:5000, Cell Signaling) for
1 h at room temperature. Bound antibodies were visualized by using
ECL-chemiluminescence (Millipore, Billerica, MA, US) and ChemiDoc
XRS System (Bio-Rad). The intensity of each protein level was semi-
quantiﬁed with analysis tool box in ChemiDoc XRS System (Bio-Rad)
via normalization to β-tubulin or β-actin.
2.8. Enzyme-linked immunosorbent assay (ELISA)
After collecting cultures, the volumes of cultureswere normalized by
the cell numbers. ELISA plates were coated with 1 μg of anti-angiogenin
monoclonal antibody 26-2F per well and blocked with 5 mg/ml bovine
Fig. 2.ANGwas up-regulated in ARPE-19 cells exposed to hypoxic conditions. (A) and (B) The relative ANG and RNase 4mRNA expression levels in ARPE-19 cells exposed to normoxia or
0.5% oxygen (hypoxia) for 6, 12 and 24 hmeasured by qRT-PCR. (C) The vimentin protein expression levels in ARPE-19 cells exposed to 0.5% oxygen (hypoxia) for 6, 12 and 24 h detected
by Western blot assay. (D) ANG concentrations of the supernatant in ARPE-19 cells exposed to normoxia or hypoxia for 12 and 24 h were detected with ELISA assay. As compared with
normoxia group, NS represents no signiﬁcance, *P b 0.05 and **P b 0.01. n = three independent experiments. Error bars represent SEM.
1597K. Lai et al. / Biochimica et Biophysica Acta 1862 (2016) 1594–1607serum albumin (BSA) in PBS. Samples were added to thewells, incubat-
ed at 4 °C overnight, and washed with PBS ﬁve times. Then the plates
were incubated with 100 μl of anti-angiogenin polyclonal antibody R2
per well at room temperature for 2 h and the cells were washed with
PBS four times. The plates then were incubated with an alkaline
phosphatase-labeled goat anti-rabbit antibody (1.25 μg/ml) at room
temperature for 1 h. After washing four times with PBS, 100 μl of
5 mg/ml p-nitrophenyl phosphate in 0.1 M diethanolamine containing
10 mM MgCl2 (pH 9.8) were added, and the absorbance at 410 nm
was measured. A standard curve of recombinant human angiogenin at
concentrations of 50 to 1000 pg/ml per well was performed each time
on every plate.2.9. Wound healing assay
Cells were seeded in 6-well plates and grown to 90% conﬂuence in
normoxia for 24 h. Then the cells were pretreated with or without YC-
1 for 1 h, scratched with a sterile plastic tip and cultured in FBS-free
DMEM/F12 for 48 h. Cell migration was observed by microscopy
(Olympus). The wound area was assessed using Toupview software
(ToupTek Photonics, Hangzhou, China), and normalized to the wound
area at the 0 h time point.2.10. Cell proliferation assay
Cell proliferationwasmeasured using the Cell Counting Kit (Dojindo
Molecular Technologies, Kumamoto, Japan). HRMECs were seeded in
96-well plates at a density of 1 × 104 cells per well and treated with
or without 1 μg/ml ANG. After 24 h, the cells were incubated with Cell
Counting Kit-8 for 2 h at 37 °C, and then the optical density (OD) was
measured by a microplate reader (Bio-Rad, Hercules, CA, US) at 450 nm.
2.11. Tube formation assay
Tube formation assay on Matrigel (Corning, NY, US) was used to
evaluate the capillary-like tube formation ability of HRMECs. 1 × 104
hRMECs were suspended in 100 μl serum-free mediumwith or without
1 μg/ml ANG and then plated in 96-well plates coated with growth
factor-reduced Matrigel. The extent of tube formation was assessed at
6 h and 24 h respectively after seeding. Image-Pro Plus was used to
quantify the tube length.
2.12. Chromatin immunoprecipitation (ChIP)
ChIP assay was performed using the ChIP assay kit (Millipore) ac-
cording to the manufacturer's protocol. Brieﬂy, ARPE-19 cells were
Fig. 3.Hypoxia conditions induced EMT in ARPE-19 cells. (A) The relative vimentinmRNA expression levels in ARPE-19 cells exposed to normoxia or hypoxia for 6, 12 and 24 hmeasured
by qRT-PCR. (B) The vimentin protein expression levels in ARPE-19 cells exposed to normoxia or hypoxia for 6, 12 and 24 h detected by Western blot assay. (C) and (D) The
immunoﬂuorescence staining of the expression of vimentin or β-catenin (green) with DAPI (blue) in ARPE-19 cells exposed to normoxia or hypoxia for 24 h. Scale bar was 20 μm.
(E) Bright ﬁeld microscopy showed a morphological change of ARPE-19 cultured in hypoxia for 24 h compared with normoxia group. Scale bar was 100 μm. (F) Wound healing assays
showed the enhanced migration ability of ARPE-19 cultured in hypoxia for 24 h when compared with normoxia. Relative wound area was calculated by (wound area at 24 h/wound
area at 0 h). As compared with normoxia group, *P b 0.05 and **P b 0.01. n = three independent experiments. Error bars represent SEM.
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formaldehyde for 10 min at 37 °C. Cross-linking was stopped with
0.125 M glycine. The cells were collected and resuspended in SDS lysis
buffer (50mMTris-HCl at pH8.1, 1% SDS, 10mMEDTA, and protease in-
hibitors). After sonication to yield DNA fragments of 500 to 1000 base
pairs, lysates were cleared by centrifugation, diluted tenfold with ChIP
dilution buffer (16.7 mM Tris–HCl at pH 8.1, 0.01% SDS, 1.1% Triton X-
100, 1.2 mM EDTA, 16.7 mM NaCl, and protease inhibitors) and
precleared with salmon sperm DNA/protein G agarose at 4 °C for 1 h.For each immunoprecipitation assay, lysates were incubated with 5 μg
anti- HIF-1α (Abcam) or normal mouse IgG (Cell Signaling) overnight
at 4 °C with rotation. The immunocomplexes were then collected with
protein G agarose slurry, eluted and de-crosslinked at 65 °C. After
RNase digestion and proteinase digestion, immunoprecipitated DNA
was puriﬁed using spin columns. The puriﬁed DNA was ampliﬁed by
real-time PCR with the ABI7500 (Applied Biosystems, Foster City, CA,
US) and SYBR GREENPCR Master Mix (Applied Biosystems). The
primers used for ampliﬁcation of the ANG promoter were: 5′-ATA CGT
Fig. 4.HIF-1α protein was stabilized and translocated into nucleus in ARPE-19. (A) The relative HIF-1αmRNA expression levels in ARPE-19 cells exposed to normoxia or hypoxia for 6, 12
and 24 h measured by qRT-PCR. (B) The HIF-1α protein expression levels in ARPE-19 cells exposed to normoxia or hypoxia for 6, 12 and 24 h detected by Western blot assay. (D) The
immunoﬂuorescence staining of the expression of HIF-1α (green) and DAPI (blue) in ARPE-19 cells exposed to hypoxia for 24 h showed the translocation of HIF-1α into nuclei. Scale
bar was 25 μm. As compared with normoxia group, *P b 0.05 and **P b 0.01. n = three independent experiments. Error bars represent SEM.
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GG-3′ (reverse).
2.13. Statistical analysis
Each experiment was repeated at least three times. The data were
expressed asmean±SD. The statistical differences between two groups
were assessed with a double-sided Student's t-test. A P value less than
0.05 was considered a statistically signiﬁcant difference.
3. Results
3.1. ANG was up-regulated in a mouse model of laser-induced CNV
The laser-induced CNV lesion was visualized by immunoﬂuores-
cence in the ﬂat-mounted RPE/choroid complex (Fig. 1A), and the
vascular leakage around the CNV area was observed by fundus
ﬂuorescein angiography (Fig. 1B). The expression levels of ANG and
RNase 4 mRNA of RPE/choroid complexes in the laser-induced CNV
group were signiﬁcantly higher than those in normal group at
three days after laser photocoagulation (P b 0.05, Fig. 1C). The
Western blotting results revealed the increased protein expression
levels of ANG and vimentin in the laser-induced CNV group
(Fig. 1D). Cryosection immunoﬂuorescence staining displayed thesigniﬁcant localization of ANG accompanied with new vessels in
CNV lesion (Fig. 1E).
3.2. ANG was up-regulated in ARPE-19 cells exposed to hypoxic conditions
To investigate the regulation of ANG in the retinal system, ARPE-19
cells were exposed to 0.5% O2 (hypoxia). As compared with normoxic
control group, the expression levels of ANG and RNase 4 mRNA
signiﬁcantly elevated in ARPE-19 cells exposed to hypoxia for 6 h,12 h
and 24 h, respectively (P b 0.05 or P b 0.01, Fig. 2A and B). In Fig. 2C,
the expression of ANG protein only slightly elevated in ARPE-19 cells ex-
posed to hypoxia for 6 h, but signiﬁcantly increased in hypoxic ARPE-19
cells at 12 h and 24 h (P b 0.05). The production of ANG in the superna-
tant was detected by ELISA. Fig. 2D demonstrated that there was a slight
increase in hypoxic ARPE-19 cells at 12 h, but a signiﬁcant increase at
24 h (P b 0.05). These data indicated that hypoxic condition could induce
up-regulation of ANG at both mRNA and protein levels.
3.3. Hypoxic conditions induced EMT in ARPE-19 cells
Besides the angiogenic agents, RPE undergoing EMT is also an im-
portant part in the progress of CNV [20]. Thus, the association of EMT
with hypoxia condition was also investigated. The expression of
vimentin mRNA only slightly elevated in ARPE-19 cells exposed to
1600 K. Lai et al. / Biochimica et Biophysica Acta 1862 (2016) 1594–16070.5% O2 for 6 h, but signiﬁcantly increased when exposed for 12 h and
24 h, as compared with normoxic control group (P b 0.01, Fig. 3A).
The expression levels of vimentin protein also signiﬁcantly elevated inhypoxic ARPE-19 cells at 6 h,12 h and 24 h, respectively (P b 0.05 or
P b 0.01, Fig. 3B). The results of the immunoﬂuorescence assay showed
an intracytoplasmic localization and signiﬁcantly enhanced expression
Fig. 6. Pre-treatment of YC-1 inhibited the increased expression of ANG and vimentin in hypoxic ARPE-19 cells. After ARPE-19 cells were treatedwith 0, 10, 20, 40 or 80 μMof YC-1 for 1 h.
One group without YC-1 was exposed to normoxia and the other groups were exposed to hypoxia for 24 h. (A) The vimentin, ANG and RNase 4 mRNA expression levels in six groups
measured by qRT-PCR. (B) The vimentin and ANG protein expression levels in four groups detected by Western blot assay. (C) The concentrations of ANG in the supernatant of six
groups detected by ELISA assay. **: as compared with normoxia control group, P b 0.01; #: as compared with hypoxia group without YC-1, P b 0.05; ##: as compared with hypoxia
group without YC-1, P b 0.01. n = three independent experiments. Error bars represent SEM.
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ly, the expression of β-catenin located between cells decreased signiﬁ-
cantly in ARPE-19 under hypoxic conditions (Fig. 3D). After exposure
to 0.5% O2 for 24 h, the morphology of cells changed signiﬁcantly, be-
coming elongated with an irregular and loose arrangement among
cells (Fig. 3E). Wound healing assay was performed to examine themi-
gration ability and revealed a decrease of the wound area in hypoxic
ARPE-19 cells, as compared with normoxic control group (Fig. 3F).
These data indicated that hypoxia could induce sufﬁciently EMT in
ARPE-19 cells.Fig. 5. The increased expression of ANG and vimentin were inhibited in hypoxic ARPE-19 cells e
negative control (NC) siRNAand two other groupswere transfectedwith two speciﬁc siRNAs tar
24 h, one group with NC siRNA was still exposed to normoxia and the other three groups were
measured by qRT-PCR. (B) HIF-1α protein expression levels in four groups detected by Weste
measured by qRT-PCR. (D) The vimentin and ANG protein expression levels in four groups de
detected by ELISA assay. (F) The vimentin and ANG protein expression levels in ARPE-19 cells
detected by Western blot assay. NC represents negative control. *P b 0.05 and **P b 0.01. n = t3.4. HIF-1α proteinwas stabilized and translocated into nucleus in ARPE-19
HIF-1αmRNA expression decreased signiﬁcantly in ARPE cells ex-
posed to 0.5% O2 for 6 h, 12 h and 24 h, (P b 0.05, Fig. 4A), but a quanti-
tative analysis of the immunoblotting revealed a signiﬁcant increase of
HIF-1α protein expression in ARPE-19 cells exposed to 0.5% O2 for 6 h,
12 h, 24 h (P b 0.05 or P b 0.01), as compared with normoxic group,
and HIF-1α protein expression elevated with time (Fig. 4B). Immuno-
ﬂuorescence results showed the signiﬁcantly enhanced expression of
HIF-1α in hypoxic ARPE-19 cells at 24 h, as compared with normoxicxposed to siRNA targeting on HIF-1α. Two groups of ARPE-19 cells were transfected with
geting onHIF-1α (siHIF-1α 1 and siHIF-1α 2), respectively. After exposure to normoxia for
exposed to 0.5% oxygen for 24 h. (A) The HIF-1αmRNA expression levels in four groups
rn blot assay. (C) The vimentin, ANG and RNase 4 mRNA expression levels in four groups
tected by Western blot assay. (E) ANG concentrations of the supernatant in four groups
transfected with NC siRNA or ANG siRNA after exposure to normoxia or hypoxia for 24 h
hree independent experiments. Error bars represent SEM.
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These results revealed that under hypoxic condition, HIF-1α protein
was stabilized and translocated into nucleus.
3.5. The increased expression of ANG and vimentinwere inhibited in hypox-
ic ARPE-19 cells exposed to siRNA targeting on HIF-1α
To explore the association of increased expression of ANG and
vimentin with HIF-1α signaling, ARPE-19 cells were transfected with
two siRNAs (siHIF-1α 1 group and siHIF-1α 2 group) speciﬁcally
targeting on HIF-1α under hypoxic condition for 24 h. The expression
levels of HIF-1α were listed in Fig. 5A and B. As compared with two
NC control groups, the expression levels of HIF-1αmRNA in siHIF-1α
1 group and siHIF-1α 2 group signiﬁcantly decreased (P b 0.01), and
the expression levels of HIF-1α protein in siHIF-1α 1 group and siHIF-
1α 2 group signiﬁcantly decreased. As compared with hypoxia NC
group, themRNA expression levels of vimentin, ANGandRNase 4 signif-
icantly declined (P b 0.01, Fig. 5C) and also the protein expression levels
of vimentin and ANG signiﬁcantly reduced (P b 0.05 or P b 0.01, Fig. 5D).
In Fig. 5E, the increased production of ANG in the supernatant was
inhibited in siHIF-1α 1 group and siHIF-1α 2 group, as compared with
hypoxia NC group (P b 0.05). For further investigation of the relation-
ship between ANG and vimentin expression, ARPE-19 cells were
transfected with siRNA targeting ANG. The enhanced expression of
vimentin in hypoxic ARPE-19 cells was suppressed by knock down of
ANG (P b 0.05 or P b 0.01, Fig. 5F). These data suggested that the in-
creased expression levels of ANGand vimentinwere positively associat-
ed with the stabilized HIF-1α protein and HIF-1α signaling in ARPE-19
cells exposed to hypoxic condition for 24 h.
3.6. Pre-treatment of YC-1 inhibited the increased expression of ANG and
vimentin in hypoxic ARPE-19 cells
For further identiﬁcation of the association of increased expression
of ANG and vimentin with HIF-1α signaling, ARPE-19 cells were treated
with the indicated concentration of YC-1 (a speciﬁc HIF-1α inhibitor)
for 1 h and then the cells were exposed to hypoxia for 24 h. The
mRNA expression levels of vimentin, ANG and RNase 4 declined signif-
icantly with concentration of YC-1, as compared with hypoxia group
without YC-1 (P b 0.05 or P b 0.01, Fig. 6A). In Fig. 6B, the results of
the Western blotting assay and quantitative analysis showed that ex-
pression levels of vimentin andANG also signiﬁcantly reduced in groups
pre-treatedwith YC-1 (P b 0.05 or P b 0.01). The increased production of
ANG in the supernatant was signiﬁcantly inhibited in groups pre-
treated with various concentrations of YC-1, as compared with hypoxia
group without YC-1 (P b 0.05 or P b 0.01, Fig. 6C). Once more, these re-
sults conﬁrmed that the increased expression of ANG and vimentin was
positively associated with the HIF-1α signaling.
3.7. Pre-treatment of YC-1 attenuated EMT in hypoxic ARPE-19 cells
Fig. 7A and B displayed that the wound area decreased signiﬁcantly
in ARPE-19 under hypoxia for 24 h, as compared with normoxia group
(P b 0.05). The wound area increased in groups pre-treated with YC-1,
as compared with hypoxia group without YC-1 (P b 0.05 or P b 0.01).
Moreover, the results of the immunoﬂuorescence assay showed that
the cell-cell expression of β-catenin was partially recovered by pre-
treatment of 20 μMYC-1 in hypoxic ARPE-19 cells (Fig. 7C). The elongat-
ed shape and ﬁbrosis-like morphological change of cells after exposureFig. 7. Pre-treatment of YC-1 attenuated EMT in hypoxic ARPE-19 cells. Cellswere grown to 90%
1 h, scratched with a sterile plastic tip and cultured in FBS-free DMEM/F12 under normoxia or
ARPE-19 cells exposed to hypoxiawas inhibited by pre-treatmentwith YC-1. (B) Relativewoun
showed the cell-cell expression of β-cateninwas partially recovered by pre-treatment of 20 μM
of cells after exposure to hypoxia for 24 h was improved signiﬁcantly by pre-treatment with 1
P b 0.05; #: as compared with hypoxia group without YC-1, P b 0.05; ##: as compared with
represent SEM.to hypoxia for 24 h was improved signiﬁcantly by pre-treatment with
10 μM or 20 μM YC-1 (Fig. 7D). These results revealed that inhibition
of HIF-1α signaling attenuated EMT in hypoxic ARPE-19 cells.
3.8. Conﬁrmation of HIF-1α binding to the promoter region of ANG in
hypoxic ARPE-19 cells
HIF-1α is one of the major transcription factors. The nucleus locali-
zation of HIF-1α in ARPE-19 and the ability of HIF-1α to regulate
mRNA transcription have been revealed in previous results. The novel
and direct binding of HIF-1α to ANG promoter region was identiﬁed
by a ChIP- qPCR method (Fig. 8A) in our study. The eluted HIF-1α/
DNA complexes were applied to Western blot analysis. The group
speciﬁcally immunoprecipitated bymousemonoclonal anti-HIF-1α an-
tibodies showed the presence of HIF-1α, but it did not appear in the IgG
group (Fig. 8B). In Fig. 8C, the puriﬁed DNA sequences from ChIP exper-
iments were analyzed by qPCR. An enrichment of the sequence located
on the ANG promoter region was found in anti-HIF-1α group, as com-
paredwith IgG group (P b 0.05). These results determined a direct inter-
action between the transcription factor HIF-1α and the ANG promoter.
3.9. Exogenous ANG translocated into the nucleus, enhanced 45S rRNA
transcription, promoted cell proliferation and tube formation in hRMECs
ANG translocates to the nucleus of target cells, which is essential for
angiogenesis. The strong ﬂuorescence in the nuclei was shown in
hRMECs after treatment with 1 μg/ml ANG for 1 h (Fig. 9A). Fig. 9B
and C indicated that 45S rRNA transcription level and cell proliferation
level in hRMECs treated with 1 μg/ml ANG for 24 h signiﬁcantly elevat-
ed, as comparedwith non-treatment group (P b 0.01 or P b 0.05). At 6 h
and 24 h after treatment with 1 μg/ml ANG, the ability of hRMECs to
form tube-like structures on Matrigel augmented signiﬁcantly, as com-
pared with non-treatment group (Fig. 9D). These results determined
the potential pro-angiogenic role of ANG in hRMECs.
4. Discussion
CNV and retinal vascular leakage are common causes of vision loss
and often occur in AMD, diabetic retinopathy, ischemic retinal-vein oc-
clusion and ROP [3–5]. Hypoxia is an important pathologic state and
drives the synthesis of proangiogenic factors in favor of the formation
of new blood vessels in the process of retinal neovascular diseases [5].
Currently, most of the studies focus on the regulation and functions of
VEGF, and inhibition of neovascularization by VEGF antibody or inter-
ferencewith VEGF is presented in either animal studies or clinical appli-
cations, especially for the therapy of wet AMD [21–24]. However, anti-
VEGFmedications are not effective for some patients and some patients
experience recurrences of neovascularization and bleeding. Thus, it is
desirable to investigate the production of other proangiogenic factors
and the breach of blood-retina barrier. In the present study, we found
a signiﬁcant elevation of ANG expression level in a mouse model of
laser-induced CNV. In the in vitro study, it was showed that HIF-1α sig-
nalingwas activated, up-regulating the expression of ANG and inducing
EMT in hypoxic ARPE-19 cells. Moreover, exogenous ANG exhibit the
ability to promote cell proliferation and vascularization in human reti-
nal microvascular endothelial cells (Fig. 10).
Hypoxia is an important pathological process during retinal ische-
mia and initially induces CNV formation [25]. Although some studies
have illustrated the relationship between other signaling pathwaysconﬂuence under normoxia for 24 h. The cellswere pretreatedwith 0, 10, or 20 μMYC-1 for
hypoxia for 24 h. (A)Wound healing assay showed that the enhanced migration ability of
d area normalized to thewound area at the 0 h time point. (C) Immunoﬂuorescence results
YC-1. Scale barwas 20 μm. (D) The elongated shape and ﬁbrosis-likemorphological change
0 μM or 20 μM YC-1. Scale bar was 100 μm. *: as compared with normoxia control group,
hypoxia group without YC-1, P b 0.01. n = three independent experiments. Error bars
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Fig. 8. Conﬁrmation of HIF-1α binding to the promoter region of ANG in hypoxic ARPE-19 cells. (A) Schematic illustration of ChIP-qPCR identiﬁcation of HIF-1α binding sequence.
(B) Sonicated chromatin samples from ARPE-19 cells exposed to hypoxia for 24 h were immunoprecipitated overnight with mouse anti-HIF-1α antibody or normal mouse IgG and
detected by Western blot assay. (C) Real-time qPCR analysis of ANG promoter sequence puriﬁed from ChIP experiments for IgG and anti- HIF-1α groups was shown. IP:
immunoprecipitation. As compared with IgG group, *P b 0.05. n = three independent experiments. Error bars represent SEM.
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main sensor [22,25,26]. HIF-1 is a heterodimeric transcription factor
composed of an oxygen-dependent α-subunit and a constitutively
expressed β-subunit. Under normoxia, HIF-1α is constantly expressed
and rapidly degraded by a mechanism that involves ubiquitylation by
the von Hippel-Lindau (pVHL) tumor suppressor E3 ligase complex.
The interaction between pVHL and a speciﬁc domain of the HIF-1α
subunit is regulated by prolyl hydroxylase [27]. Under hypoxic condi-
tions, prolyl 4-hydroxylase activity decreases [28] and HIF-1α is stabi-
lized. Then HIF-1α dimerizes with HIF-1β and translocates into the
nucleus, binding to the hypoxic response element and activating the
transcription of target genes [29]. Moreover, it was shown that HIF-1
could interact with p53 and mediate apoptosis during hypoxia [30]. In
addition, nuclear p53 facilitates autophagy by inducing expression of a
damage-regulated autophagy modulator (DRAM) [31]. The enhanced
autophagy possibly explains why the hypoxic cells appear to have in-
creased inclusions. In the present study, the stabilization and nucleus
translocation of HIF-1α protein under hypoxia was veriﬁed, but HIF-
1α mRNA decreased in hypoxic cells. It is consistent with the results
of previous studies [32,33]. It is possible that HIF-1α is regulated by
two distinct mechanisms, PHD/VHL pathway and transcription-
dependent way [34]. Under hypoxia, PHD/VHL activity decreases and
HIF-1α accumulates. Then it activates the transcription-dependent
feedback loop and decreases the mRNA expression of HIF-1α. The neg-
ative feedback mechanism helps to prevent excessive accumulation of
HIF-1α protein. Moreover, the existence of transcription-dependent
regulation under hypoxiamakes it effective to inhibit HIF-1α accumula-
tion via siRNA transfection.Two critical factors for CNV are the breakdown of the blood-retina
barrier and the excessive production of proangiogenic factors. As men-
tioned above, the RPE is an important component of the outer blood-
retina barrier (BRB) and maintains the homeostasis of the retina and
choroid [1]. EMT is a process by which epithelial cells lose their cell po-
larity and cell-cell adhesion, and gainmigratory and invasive properties
and becomemesenchymal cells. EMT contributes to tissue repair, but it
can also adversely cause organ ﬁbrosis [35]. Recent researches have
identiﬁed the relationship between EMT and ﬁbrosis of the kidney,
liver, and lung [36–38] and hypoxia may induce EMT in various tumors
[39]. Vimentin is themajor intermediate ﬁlament protein in mesenchy-
mal cells and also expresses in epithelial cells undergoing EMT [15,16].
In the present study, we found that hypoxic conditions induced EMT
with the signiﬁcant increased expression levels of vimentin, enhanced
migration ability and ﬁbrosis-like morphological change in ARPE-19.
The ﬁbrosis of RPE breaks down the BRB, allows the choroidal vessels
to penetrate into the retina, and results in leakage of serum or blood
into the eye for severe situations.
ANG, a 14-kDmember of the pancreatic ribonuclease (RNase) super-
family, is one of the most potent angiogenic factors in vivo [8]. ANG in-
duces angiogenesis by activating the vessel endothelial and smooth
muscle cells and triggering a number of biological processes, which in-
clude cell migration, invasion, proliferation, and formation of tubular
structures [9]. Moroianu's results suggested that nuclear translocation
of angiogenin is a critical step in the process of angiogenesis [40]. ANG
binds to receptors on the surface of endothelial cells that facilitate its in-
ternalization and transport to the nucleolus [41]. A recent study re-
vealed that ANG-stimulated rRNA transcription in endothelial cells
Fig. 9. ExogenousANG translocated into thenucleus, enhanced 45S rRNA transcription, promoted cellular proliferation and tube formation in hRMECs. (A) Immunoﬂuorescence staining of
ANG (green) and DAPI (blue) in hRMECs treated with 1 μg/ml ANG for 1 h. Scale bar was 20 μm. (B) The 45S rRNA transcription in hRMECs with or without 1 μg/ml ANG for 24 h was
measured by qRT-PCR. (C) The cell proliferation level of hRMECs with or without 1 μg/ml ANG for 24 h was measured with CCK-8 kit. (D) The tubular structure formation of hRMECs
with or without 1 μg/ml ANG for 6 h or 24 h on Matrigel. The relative tube length was quantiﬁed by Image-Pro Plus. Scale bar was 100 μm. As compared with group without ANG,
*P b 0.05 and **P b 0.01. n = three independent experiments. Error bars represent SEM.
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various angiogenic factors including VEGF, bFGF and EGF [11]. Remark-
ably, some of ANG's biological processes are dependent on its ribonucle-
ase activity. Human ribonuclease inhibitor (RI) abolishes the
ribonucleolytic activity of ANG [42]. ANG promotes the degradation of
basementmembrane and extracellular matrix and enhances themigra-
tion ability of the cells [43]. Over-expression of RI decreases the expres-
sion of proteins associated with EMT, such as vimentin, inhibits cell
migration and invasion, and alters cell morphology [44] The results of
the present study demonstrate that hypoxia induces increased expres-
sion levels of ANG via an activation of HIF-1α signaling. The higher
expression of ANG contributes to the up-regulation of vimentin. Theeffects of exogenous ANG in retinal microvascular endothelial cells sug-
gested a potential role of ANG in neovascularization.
To explore the interaction between HIF-1α and ANG promoter re-
gion, a ChIP assay was performed in the present study. ChIP is a power-
ful method that directly measures both the position and strength of
protein-DNA interactions in vivo [45]. A primer, containing a consensus
hypoxic response element (HRE) (5′-RCGTG-3′), was designed for the
ampliﬁcation of the ANG promoter fragment. A signiﬁcant enrichment
of the ANG promoter fragment was detected in anti-HIF-1α group
(Fig. 8C). Moreover, RNase 4 is also a member of RNase A superfamily.
Strydom et al. noted that both human angiogenin and mouse
angiogenin 1 (ang 1) shared 5′-untranslated regions (5-UTRs) with
Fig. 10. A hypothetical scheme for hypoxia-induced up-regulation of ANG and EMT in
ARPE-19 cells. HIF, hypoxia-inducible factor; EMT, epithelial-mesenchymal transition;
hRMECs, human retinal microvascular endothelial cells.
1606 K. Lai et al. / Biochimica et Biophysica Acta 1862 (2016) 1594–1607RNase 4 [46]. Therefore, RNase 4 mRNA levels were also detected in
present study. Similarly, hypoxia-induced increased expression of
RNase 4 mRNA was inhibited with siRNAs targeting on HIF-1α or HIF-
1α inhibitor YC-1.These ﬁndings provide the evidence of directly
regulating ANG and RNase 4 by HIF-1α.
In summary, our work mainly shows an increased ANG expression
and EMT under hypoxia in ARPE-19 cells, in which HIF-1α signaling
plays an important role. HIF-1α directly binds to the ANG promoter
region and up-regulates the expression of ANG and RNase 4 at the tran-
scriptional level. Further studies should be required to clarify the effects
of anti-HIF-1α, anti-ANG, or anti-RNase 4 treatment on CNV animal
models. This study will potentially provide molecular evidence for
diverse therapy strategies relating to the treatment of CNV.Transparency document
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